 Tree phenology mediates land-atmosphere mass and energy exchange 18 and is a determinant of ecosystem structure and function. In the dry 19 tropics, including African savannas, many trees grow new leaves during 20 the dry season -weeks or months before the rains typically start. This 21 syndrome of pre-rain green-up has long been recognised at small scales, 22 but the high spatial and interspecific variability in leaf phenology has 23 precluded regional generalisations 24  We use remote sensing data to show that this precocious phenology is 25 ubiquitous across the woodlands and savannas of southern tropical 26
Africa. 27
 In 70% of the study area, green-up preceded rain onset by > 20 days 28 (42% >40 days). All the main vegetation formations exhibit pre-rain 29 green-up, by as much as 53±18 days (in the wet miombo). Green-up 30 shows low interannual variability (SD between years = 11 days), and high 31 spatial variability (>100 days) 32
Introduction

44
The timing of leaf emergence in tree species mediates land-atmosphere 45 mass and energy exchanges and is an important determinant of ecosystem 46 structure and function (Richardson et 
64
The reasons for pre-rain green-up are not fully understood. However, the 65 suggested benefits include: 1) The avoidance of herbivory during the vulnerable 66 stage of leaf expansion, due to reduced insect activity in the dry season (Aide, 67 1988) ; 2) avoidance of rain-induced leaching of the nutrient-rich, immature 68 leaves (Sarmiento et al., 1985) ; 3) optimisation of photosynthetic gain during the 69 wet season (Kikuzawa, 1995; Reich, 1995) ; 4) being ready to fully exploit, and 70 compete for, rain-induced soil nutrient availability (Scholes & Walker, 2004 ; 71
Archibald & Scholes, 2007); 5) a longer growing season (Scholes & Walker, 72 2004). However, several costs must be set against these benefits: pre-rain green-73 up has been linked to the ability to access deep soil moisture (Borchert, 1994) or 74 groundwater (Do et al., 2008) , and to the storage of water in tree stems 75 hydraulic architecture and therefore confer large construction and maintenance 77 costs. Furthermore, utilising deep water at the height of the dry season requires 78 a costly, embolism-resistant hydraulic system (Eamus, 1999) . Most seasonally 79 dry ecosystems are highly flammable in the late dry season, presenting an 80 additional risk to new leaves (Frost & Campbell, 1996) . 81
Understanding the extent and frequency of pre-rain green-up is important 82 for several reasons. Firstly, prognostic models of the land surface need to be able 83 to represent tree leaf phenology if they are to accurately describe land-84 atmosphere fluxes (Richardson et al., 2013) . Currently, because of weak process 85 understanding, even "state of the art" Africa-specific dynamic global vegetation 86 models (DGVMs) assume all trees are facultatively deciduous, even though the 87 many observations of pre-rain green-up suggest that some trees may be 88 obligately deciduous (Scheiter & Higgins, 2009 ); other models use a simple soil 89 water threshold (Cramer et al., 2001 ). Neither of these approaches can be 90 expected to represent the relationship between tree leaf phenology and a 91 changing climate (Seth et al., 2013) in a system where pre-rain green-up is 92 common. Finally, temporal niche separation is a fundamental process by which 93 inter-specific competition structures tropical ecosystems (Pau et al., 2011) . Both 94 tree-tree and tree-grass competition are likely to play a role in the phenology of 95 savanna ecosystems, but as yet there has been no regional analysis comparing 96 pre-rain green-up in floristically different savanna systems. 97
As a step towards improved understanding of pre-rain green-up, and thus 98 process-based modelling, a better understanding of its biogeography is needed 99 (Guan et al., 2014b (Borchert, 2008) and catenary position (Shackleton, 103 1999; Fuller, 1999) . These multiple scales of temporal and spatial variability 104 have hindered our ability to draw broad regional conclusions from field studies, 105 and highlight the need for regional-scale analyses (Archibald & Scholes, 2007) . 106
Here we present such an analysis, using the methods developed by Ryan et al. We interpret the results of the study using ecological and evolutionary 115 explanations of phenological niche separation (Pau et al., 2011 ) and theories of 116 savanna tree-grass coexistence (Chesson, 1985; Walker, 1987) . 117
Methods
118
To understand the prevalence of pre-rain green-up we conducted a remote 119 sensing analysis of green-up dates and rain onset dates from 2°S to 23°S for the 120 
Green-up dates 125
The definition and estimation of green-up dates uses the method corroborated in 126 these ecosystems by Ryan et al. (2014) . The method utilises the fact that the land 127 surface phenology signal detected by satellite-borne sensors is closely related to 128 the tree leaf phenology in the period before the rains. This is because before the 129 rains, no substantial grass growth is possible (Chidumayo, Green-up and rain onset frequencies were analysed by the major floristic 186 assemblages defined by the map of White (1983) , which was created before 187 satellite data was available and is thus independent of the MODIS data. White's 188 map was downsampled from its original resolution of 30" by taking the mode to 189 0.25° resolution for comparison to the rainfall data, and to 0.05° for the 190 comparison to EVI and the estimation of the pre-rain green-up period (~5.4 km 191 at the centre of the study area). A description of the floristics and structure of 192 each vegetation type is included in supplementary Table S1 . 193 We masked from our analysis pixels where we expect few trees to be 194 present, namely pixels that had more than 10% water; pixels with a maximum 195 EVI < 0.4; and pixels classed as wetlands, agriculture or urban in the MODIS 196 12C1 land cover product for 2001. Pixels with low seasonal variation in EVI 197 (range < 0.2) were also excluded, as evergreen systems are not amenable to the 198 analysis presented here. In areas without a distinct rainy season, the rain onset 199 algorithm detects no RDOY -pixels where this occurred more than eight times 200 were also masked from the analysis. 201
Results
202
Pre-rain green-up is widespread across southern tropical Africa (Fig. 1  203 and 2). All the major vegetation types with a strong seasonal cycle of EVI show 204 pre-rain green-up, and the period between GDOY and RDOY, D, varied from a mean 205 of 27±25 to 53±18 days for the major vegetation types (Table 1 (Fig.  222 2). Similar to RDOY, GDOY was least variable in the northwest and centre of the 223 study area (SD ~10 days), and SD was <30 days for all the study area except the 224 equatorial rainforest, and the southwest shrublands and semi-deserts. 225
Differences between vegetation types
226
Each (floristic) vegetation type had a distinctive time series of EVI, varying from 227 the relatively aseasonal rainforest (Fig. 1a) , to the highly seasonal woodlands 228 and savannas (Fig. 1b-e) . The wet miombo woodlands showed a clear and 229 sustained increase in EVI up to 2 months before rain onset, at which point there 230 undifferentiated and mopane) woodlands had a less distinct pre-rain green-up, 232 but EVI still increased before RDOY (D = 39±17, 33±16 and 35±15 respectively). cannot capture the dominant tree phenology of the region, as clearly surface soil 278 moisture is weakly tied to leaf display across much of southern Africa (Fig 1) . 279
Such models need to be adapted to incorporate pre-rain green-up to skilfully 280 represent land-atmosphere interactions in the late dry season. 281
Secondly, there appears to be an internal control on phenology unrelated 282 to weather conditions in most of the study region. This is evidenced by the low 283 interannual variability of green-up across the region (Fig 1) The following Supporting Information is available for this article: 538 Table S1 A description of the main vegetation types analysed in this study 539 
